INTRODUCTION
Possible application of magnetic bearings to ocean engineering units has been considered and tested for several years. Their low resistance to rolling and very long life time is of a great advantage. However because of a small stiffness they require introducing constructional changes into existing devices and new designed ones to be fitted with the so-called floating rotor. The bearing system presented in this paper is superior, as regards its durability, to traditional mechanical bearings both sliding and rolling ones. The most promising example of application of such bearing is the using it for ship main propulsion shaft line or thruster. In recent years fast development of engineering of polymer materials and their growing application to sea-water-lubricated slide bearings, has been observed. However the application of passive magnetic bearing of Halbach's configuration provides a comparably high stiffness of supporting, and simultaneously lack of wear-out phenomenon of interacting surfaces under operation.
The magnetic bearing is a device which makes use of repelling forces between homopolar magnets simultaneously placed in front to each other and coaxially, which keep rotor against stator in the state of levitation. Multi-row arrangement of magnetic rings provides a higher stiffness of bearing unit and more stable work in the neigbourhood of point of operation [1] . The levitation means keeping the rotor supported without any mechanical contact between it and stator. The main advantage of such bearings is elimination of friction forces between interacting elements. In the commonly used rolling and sliding bearings friction phenomena as such is not eliminated but only reduced. Moreover, in the traditional bearing systems additional systems responsible for lubricating, cooling and discharging wear products are necessary. As results from the presented characteristics the application of classical bearings to operation in the environments more aggressive to materials or in a high vacuum meets significant difficulties and limitations. Therefore it is recommended, wherever justified, to apply magnetic suspensions which do not require additional systems, can operate in chemically active environments, and eliminate friction, extending this way life time of traditional bearings. Magnetic bearings are split in two basic groups: active and passive ones. The first group covers active bearings in which magnetic force value is proportional to position of rotor centre against hole centre and this way inversely proportional to value of a gap between interacting parts. In active bearing system the following items can be always found [3] :
ABSTRACT
• a sensor intended for the measuring of rotor position within air gap, • a controller which transforms information on rotor position into steering signals, • an amplifier which, on the basis of the steering signals, changes value of magnetic force by changing value of electric current flowing through active bearing coils in axial direction.
As results from the presented design of magnetic bearing, the rotor position stabilization is realized by the system of feedback between rotor position and magnetic force.
Passive magnetic bearings belong to the second group. In design of such bearings there is no feed-back system between rotor position within air gap and value of magnetic force. In design of passive bearings permanent magnets are used to produce magnetic forces [4] .
The main advantage of passive bearings is its simple design, very high efficiency (as such bearings do not absorb energy during operation and provide simultaneously magnetic levitation) and relatively low cost. Nevertheless the lack of a feed-back system does not ensure a stable position of rotor around a given working point and does not make it possible to control its position within air gap. Active bearings are to be used in any case where a decisive condition is to maintain high precision in rotor positioning. Moreover it is not possible to build a fully isolated magnetic suspension system on the basis of only passive magnetic bearings (acc. Earnshaw theorem) [5] . Therefore in any solution of magnetically suspended rotor at least one actuator is to be active, and the remaining can be passive ones [6] .
Hence for the bearing system of water propeller rotor it was proposed to apply two radial passive magnetic bearings and one axial active bearing. The bearing system is presented in Fig. 3 .
Fig. 3. Bearing system for water propeller rotor
In this paper a mathematical model of radial passive magnetic bearing is presented. Evaluation of the model is necessary to elaborate design algorithms for passive magnetic bearings.
Fig. 2. Overall view of a Rim Drive device and the model intended for trials

PASSIVE MAGNETIC BEARING
Two magnets or two sets of magnets are used to form a passive magnetic bearing [5] . In the simplest case two magnets repelling each other are used. One of them is rigidly connected with casing of rotary motor. It cannot displace. The other one is placed onto free rotor and can do, together with it, a complex motion being a sum of translational and rotational displacements. The moving magnet has six degrees of freedom and behaves as a magnetic compass needle which tries to be always lined up along external magnetic field lines (Fig. 4) . As in the classical magnetic bearing there is a stator fixed in machine casing (motionless magnet) and a race placed in rotor (moving magnet). Between races of rolling bearing there are balls placed in bearing cage, and in slide bearing oil film appears between its races. In passive magnetic bearing a medium in which the bearing operates, is used. If a bearing operates in high vacuum conditions then between its races vacuum occurs, and a bearing immersed in water contains water between its races. This feature of magnetic bearing is one of its crucial merits. Obviously, apart from an environmental medium also magnetic field occurs between bearing stator and race.
Fig. 4. Arrangement of magnets in repelling system
It can be assumed that in passive magnetic bearing the permanent magnet which does not displace is a source of non-uniform magnetic field. And, the permanent magnet connected with the rotor lines up along lines of external magnetic field generated by the magnet fixed in rotary machine casing [7] .
As the magnet fixed in rotor behaves like a magnetic needle it tries to rotate its north pole towards south pole of the motionless magnet and shift its south pole so as to place it close to north pole of the motionless magnet. Magnet placed in a non-uniform magnetic field does a complex motion and its trajectory depends on initial position of moving magnet against that motionless. If magnets point to each other with opposite poles then they will try to be mutually connected. After connection the two magnets will behave as one magnet which becomes a magnetic dipole. If an orientation of the magnets is different from that above mentioned, then the magnet will rotate until they point to each other with opposite poles and then connect mutually. The connection of the magnets means that they reach state of equilibrium, hence such mutual position of the two magnets appears stable [7] .
Any rotary displacement of rotor within magnetic bearing and mutual connection of its magnets would lead to a failure of rotary machine and its bearing. Only the maintaining of magnets in the position in which repelling forces between magnets occur, makes bearing work correct. The mutual repelling process of the magnets is a state of instable equilibrium, i.e. the state in which the system maintains its stability but with no stability margin.
The bearing intended for the transferring of radial loads consists of two magnets concentrically located (Fig. 5a ). The bearing magnets are radially magnetized. The same magnetic pole takes place both on the outer circumference wall of the magnet fixed in machine rotor and on the inner circumference wall of the magnet fixed in machine casing. Such solution makes it possible to generate mutual repelling the magnets and this way magnetic levitation of the rotor to be suspended. As the manufacturing of uniform radially magnetized ring magnets is difficult, also bearings of rings built with segments, can be found. Such segment is a ring sector which is to be magnetized radially (Fig. 5b) . Due to technological reasons it is not possible to produce an one-sided radial bearing. Radial bearings are always manufactured in a differential system. 
MODEL OF RADIAL PASSIVE BEARING
Amper model was used for description of a model of magnetic interaction between two ring magnets. As assumed in the model in the magnet walls flow constrained currents being a source of magnetic field. Value of the constrained currents depends on the product of magnetization vector and that perpendicular to magnet wall [2] : (1) where:
-magnetization vector -vector perpendicular to magnet wall. Fig. 6 illustrates surface currents constrained within ring magnet. As results from the relation (1) the currents will occur in side walls only. They will not occur on the outer and inner circumferential walls of the magnet.
In compliance with Lorentz principle [2] the magnetic interaction force depends on the vector product of the surface constrained current and the vector of magnetic induction which penetrates the moving magnet: (2) where: -surface constrained current flowing through a given sector of the moving magnet, da' -vector of magnetic induction which penetrates the moving magnet sector of the surface area da' [in the point of the coordinates (x, y, z)]. Fig. 6a presents the ring magnet with depicted surface currents. In the ring magnets the currents appear both in the left and right wall (Fig. 6b) .
For radially magnetized ring magnet the magnetization vector is equal to [4] :
The normal vector can be expressed as:
The surface current in the left wall amounts to: The surface current in the right wall of moving magnet is described as follows:
The vector product of the surface current flowing through the left wall of moving magnet and the magnetic induction in the point of the coordinates (x, y, z), is equal to:
The surface area da' of an elementary sector of magnet side wall can be estimated as follows (Fig.7) : (6) where: r' -the mean radius changeable within the interval r 1 ' < r'< R' ϕ' -the angle changeable within the interval 0 < ϕ < 2π By taking into account the above given relations in the Lorentz force (2) the following value of the force on the left wall is obtained:
In the same way the magnetic force value in the points located on the moving magnet right wall, can be found:
By using Biot-Savart principle magnetic induction in the point p of the coordinates (x,y,z) located in the space around motionless magnet (magnetic field source), can be determined. Points for which magnetic induction is calculated for further analysis are placed on the moving magnet. Biot-Savart principle for surface currents flowing through motionless magnets takes the following form [2] : (9) where: -versor of vector directed opposite to the surface on which surface constrained current flows to the point for which value of magnetic induction has to be determined.
The vector can be written as follows:
The relation can be transformed into the form:
By accounting for Eq.(11) in Eq.(9) the relation for magnetic induction is obtained as follows:
Value of the magnetic induction depends on the vector , therefore its coordinates between the point located on the circular loop circumference and the spatial point p' (x,y,z), should be estimated. The coordinates of the point p' located on the circular loop circumference are as follows:
Coordinates for the left wall, p' l (x' l , y' l , z' l )
Coordinates for the right wall, p' p (x' p , y' p , z' p )
The coordinates of the vector for the left wall are equal to:
and, for the right wall, as follows:
where: x,y,z -coordinates of the point for which value of magnetic induction has to be determined.
Finally the coordinates of the vector take the form:
The module of the vector takes the value:
And, the vector is equal to:
For the radially magnetized ring vector the magnetization vector amounts to:
The values of surface current in the motionless magnet left and right walls are the following, respectively:
The vector product of the surface current and the vector is equal to:
In the similar way the vector product of the surface current and the vector can be determined:
For the analysis is used the magnet sector da limited by the arc of the angle dϕ and the vector increment dr. The surface area of the sector is equal to:
Fig. 8. The sector considered for the motionless magnet side wall
The magnetic induction value in the point p of the coordinates (x, y, z) is equal to:
By taking into (17) account the relations (13), (14), (15) and (16) the following magnetic induction value can be obtained:
where:
By solving the above given integrals and accounting for magnetic induction values in Lorentz force it is possible to determine lifting force of the bearing.
SUMMARY
-The elaborated mathematical model makes it possible to assess magnetic force value and direction. Such model is necessary for determination of maximum magnetic force generated by radial passive magnetic bearing. Moreover the model can be applied to assessing dynamic parameters of active magnetic suspension. -The presented approach leads to analytical solutions which make analyzing magnetic bearings by means of mathematical programs in a simple way, possible. The model has been adjusted to the Matlab-Simulink engineering software which enables analyzing dynamic processes. -The software based on the finite elements method (FEM), commonly used for solving static magnetic fields and magnetic forces do not make it possible to perform a comprehensive dynamic analysis of radial passive magnetic bearing. -Basing on the elaborated model these authors conduct, by means of Matlab software, design process of passive suspensions applicable to water propellers. The elaborated models and relevant design algorithms will be verified during experimental tests and analyses with the use of FEM-based programs (static analyses). -Elaboration of comprehensive mathematical models and then determination of their allowable simplification would make it possible to build algorithms capable of facilitating implementation of passive magnetic suspensions in practice. -Apart from the elaboration of passive models of radial magnetic bearing, it is intended to elaborate models of axial bearings. Such bearings will be applicable to a bearing system of water propeller rotor, based on another configuration of magnetic bearings.
